Ionospheric plasma density exhibits very large spatial and temporal variations known as ionosphere irregularities. These irregularities are generated by a number of processes related to plasma as well as neutral dynamics. The rocket-or satellite-borne Langmuir probe (LP) is very simple and yet a very powerful tool to measure spatial variation of plasma density enabling one to study ionosphere irregularities. This article describes how a rocket-borne LP can be used to study ionosphere irregularities. It begins with the basic principle of the LP, the ionospheric regions where it can be used, various sizes and shapes of the LP sensors, the effect of geomagnetic field and vehicle wake on LP measurements. Mechanical and electronic details of typical LP instrument are given next. Strengths, weaknesses and specifications of LP instrument are also given. Rocket-borne LP has been used by a large number of scientists in the world to study ionospheric irregularities produced through plasma instabilities in the equatorial electrojet region, in spread F and those produced by neutral turbulence. Highlights of such irregularity measurements are presented to give the reader a flavor of the type of studies which can be undertaken using a rocket-borne LP. The present capability of rocket-borne LP is to detect vertical scale sizes of ionospheric irregularities from a few km down to about 10 cm with percentage amplitudes as small as 0.001%. Finally, a few suggestions are given for the improvement the LP instrumentation for future use. Key words: Langmuir probe, plasma density irregularities, in situ measurement.
Rocket-borne Langmuir Probe for Plasma Irregularities
The Langmuir probe (LP) is used on rockets to determine the amplitude and spectra of electron density irregularities over a large vertical scale-size range, typically lying between a few km down to about 10 cm. Plasma irregularities have been studied at all latitudes, especially so around geomagnetic equator, due to special geometry of geomagnetic field lines which are horizontal. Horizontal magnetic field along with vertically upward (downward) Hall polarization electric field during the day (night), is the major destabilizing forcing for the excitation of a range of plasma instabilities at altitudes higher than about 85 km. Neutral turbulence produces fluctuations in neutral density, at altitudes below about 100 km, which can be transferred to electron density, due to high neutral-ion collision frequencies at such altitudes and the charge neutrality of plasma. Although gross features of various plasma instabilities and neutral forcings producing these irregularities are understood, there are many aspects which still defy a suitable explanation, such as why equatorial spread F irregularities are present on some nights and absent on other nights. It is, therefore, essential that the parameters of irregularities such as amplitudes, scale sizes and spectrum be measured along with other complementary parameters such as electric fields, electric currents, composition, neutral winds, etc. to pin point the phenomenon responsible for such behavior. Thus the measurement of plasma irregularity parameters is essential to understand the behavior of ionospheric plasma.
Plasma irregularities are basically three dimensional structures with enhancements/depletions of plasma density Copyright c TERRAPUB, 2013. over a very wide range of spatial and temporal scales. The techniques which have been used to study irregularities are radio reflection techniques (ionosondes), radar scatter techniques (coherent and incoherent radars), in situ density probes (Langmuir probes) and ground based large field of view photometers (all sky imaging photometers) (Berkner and Wells, 1937; Balseley and Farley, 1971; Fejer and Kelley, 1980; Mendillo and Baumgardner, 1982; Singh and Szuszczewicz, 1984; Sinha and Prakash, 1987; Sinha, 1992; Hysell and Chau, 2002; Farley, 2009; Sinha et al., 2010) . Horizontal scales of plasma irregularities are studied by satellites and ground based all sky imagers. Rockets are the only means to study the vertical scale sizes associated with irregularties at altitudes greater than about 60 km. Radars are very useful for studying temporal development of a single spatial scale of irregularities which is related to the radar operating wavelength.
Although coherent and incoherent radars have been employed to study plasma irregularities for more than four decades (Balseley and Farley, 1971 ) and have given pioneering data on irregularties, their main drawback is that they can yield data on only one spatial Fourier component of irregularities which is λ 0 /(2 sin θ/2), where λ 0 is the operating wavelength of the radar and θ is the scattering angle. A 50 MHz radar operating in backscattering mode, for example, measures only a spatial component of ≈3 m. Radars are, therefore, very good to study the temporal evolution of irregularities at a fixed scale size. By using a number of radar beams one can determine the amplitude and velocity of irregularities, of a single scale size, in different directions.
Ionosonde, which is a special class of radar, has also been used extensively to study ionospheric irregularities. An ionosonde is basically a HF sweep frequency radar wherein the transmitted radio wave gets reflected from an altitude where the local plasma frequency equals the transmitted frequency. One can thus generate the electron density profile at different time intervals, which are programmable and can be as small as 1 min, producing what is known as an ionogram. Although an ionosonde is very useful instrument to generate a long term data set, it has very limited altitude resolution (∼5 km) and hence is not suitable for studying small scale irregularities.
Rocket-borne density probes, such as a LP, give a snapshot of electron density during the rocket motion. Such probes basically give the vertical profile of electron density with very high altitude resolution. It is possible to determine the amplitude and spectral characteristics of irregularities, over a large scale size range, from the electron density data. Although LP does not give absolute value of electron density, it is undoubtedly the best instrument to study the fluctuations in electron density over various spatial scales, ranging between a few km and about 10 cm.
Principle of Langmuir Probe
The theory of Langmuir probe was given by Langmuir and Mott- Smith (1924) and Mott-Smith and Langmuir (1926) in two classical papers. When a metallic probe is kept in plasma it collects certain amount of current which is a function of the applied voltage. It is possible to determine the electron density from the current voltage-characteristics of the probe. The Langmuir probe theory is a bit involved as it deals with both Maxwellian and non-Maxwellian plasma and a number of parameters such as electron density, ion density, electron temperature, etc. As the emphasis here is to focus on how LP can be used for the study of plasma irregularities, the following discussion will be limited to measuring the percentage fluctuations in electron density over different vertical scales (i.e., the percentage amplitude of irregularities and not the absolute electron density measurement) for ionospheric plasma having a Maxwellian distribution.
In order to understand the functioning of LP it is important to understand the concept of the plasma potential and the floating potential. Plasma potential, which is also known as space potential, is that potential where electrons and ions move freely. It would be normally expected that when a metallic probe is inserted in the ionosphere plasma, it will acquire plasma potential. But this is not the case in practice. If a probe is deployed in the plasma, using for example a rocket, both electrons and ions will strike the probe surface. As the thermal velocity of electrons (∼200 kms −1 ) is much larger compared to that of ions (∼1-2 kms −1 ), the flux of electrons will be higher than that of ions. Hence the probe will have a net negative charge. Once the probe become negative, it will start repelling electrons and attracting positive ions and ultimately this will result in the probe developing a slightly negative potential, with respect to plasma potential, at which the net current to the probe is zero. This negative potential is called the floating potential or vehicle potential. The floating potential V f , is given by:
where, k is the Boltzmann's constant, T e is the electron temperature, e is the electronic charge and j e and j i are electron and ion currents, respectively. In 100-500 km altitude region, the ratio of j e /j i is approximately 170, the range of electron temperature is 400-1500 K and hence the floating potential ranges between 0.2 V and 0.5 V. If any conductor, such as a probe or the rocket body, is placed in the ionosphere it will assume a potential which will be equal to the floating potential. The rocket or vehicle potential can therefore be used as a reference potential. The probe is insulated electrically from the rocket body and is biased suitably to operate in retarding or accelerating potential regimes. Usually the rocket body is either made of a conductor or is painted by a conducting material so that it can be used as a reference. Potentials applied to the probe should be such that the current collected by the probe does not disturb the reference potential (rocket body) which is at floating potential.
In simple terms, the Langmuir probe theory referred to above can be described as follows. When the probe is at plasma potential, the probe current is determined by the random thermal motion of electrons and positive ions in the plasma. If the electron density of the plasma is n e and v e is the mean thermal velocity of electrons, the number of electron striking the probe per unit area per second, given by the kinetic theory of gases, is n e v e /4. The electron random current density, j 0 is given by:
where, the mean thermal velocity v e is given by:
If the area of the probe is A, the current collected by the probe at plasma potential, j e is given by
When a small negative potential, with respect to the plasma potential, is applied to the probe, i.e., when the probe is in retarding potential regime, the current collected by the probe has two components, a positive ion current and an electron current, which is due to those electrons whose energy is sufficient to overcome the negative potential barrier at the probe surface. The electronic current in retarding regime, j r is given by:
where, V is the retarding potential. The slope of a semi-log plot of the current collected by the probe at different retarding potentials yields the electron temperature.
When the probe is immersed in plasma, a sheath is created around the probe. The parameter which characterizes this sheath is the Debye shielding distance, λ D which is given as:
When the probe is at plasma potential, the thickness of this sheath is zero. When the probe operates in an accelerated potential regime, the current collected by the probe is only due to electrons. This is so because even a very small positive potential is enough to repel positive ions. Current collected by the probe in accelerating potential regime depends on the Debye length as well as the shape of the probe. In order to get the correct values of electron density one must ensure that the Debye shielding distance is small so that there are no collisions within the sheath. The exact expressions for the current in accelerating potential regime, j a were derived for three shapes of the probe viz., a small sphere, long thin cylinder and large plane by Mott- Smith and Langmuir (1926) . As a small sphere is the most widely used shape for plasma irregularity studies, the expression for the same is given below. The following expression of the electron current, for a small sphere, is valid as long as the mean free path of electrons is much larger than the Debye shielding distance. Figure 1 shows the typical current-voltage characteristics of a Langmuir probe. It can be seen that the probe current is zero when the probe is biased at floating potential. When the probe is biased negative with respect to the plasma potential the probe current is predominantly due to ions and some small part due to electrons. One can measure ion density if the probe is biased in ion saturation region. If the probe is biased positively with respect to the plasma potential, the probe current is essentially due to electrons and it increases with increase of positive bias until a saturation of current is seen. For measuring electron density the probe is biased in electron saturation region. Some fixed positive bias typically ranging between +2 V and +4 V (with respect to the rocket body) is applied to the probe to ensure its operation in electron acceleration regime. When the probe voltage is swept from a negative voltage to a positive voltage, one can determine electron temperature as mentioned above.
In case one wants to measure electron density, ion density and electron temperature, one has to apply a voltage sweep of the type shown in Fig. 2 . Here 0 V refers to the rocket potential. When such a voltage sweep is applied, one can determine ion density, electron temperature and electron density for 0.5 s each in one sweep duration of 1.5 s. One can change the duration of any or all of the three segments of the sweep as per the requirement. For measuring plasma irregularity parameters, the probe is biased at a fixed positive voltage. Operation at fixed positive bias ensures that there is no break in the data and hence the electron density is measured continuously, enabling study of large scale sizes.
In principle, one can measure the electron density from the current-voltage characteristics curve in the electron saturation regime. But due to uncertainties in measurements such as the accurate knowledge of the effective area of cross section of the probe and thermal velocity of electrons, it is not possible to estimate the absolute values of electron density. In some of the earlier experiments probes such as resonance relaxation probe, mutual admittance probe were used to measure absolute electron densities by detecting plasma resonances (Heikkila et al., 1968) . Sinha and Prakash (1995) reported a case where a Langmuir probe and a mutual admittance probe were flown on the same rocket. The absolute densities obtained by the mutual admittance probe at different altitudes were used to generate an altitude dependent calibration factor for converting the Lang-muir probe current in to electron densities. Such a calibration factor is valid only for the specific shape and size of the LP sensor used and can be used on subsequent flights, with same shape and size, to determine fairly accurate electron densities.
There are a number of constraints which dictate the region of applicability of LP, size and shape, electrical conductivity of the probe, mounting configuration of the probe on rocket, etc. A brief discussion on these constraints is given below.
Region of applicability
The lower altitude range for the use of LP is governed by two considerations, viz., the Debye shielding distance and the presence of negative ions. As per the theory of LP, the mean free path of the medium should be much larger than the Debye shielding distance so that a charged particle entering the plasma sheath does not suffer collision. The condition which should be satisfied is λ D < L, where, L is the mean free path for collisions between electrons and neutrals. Also, the presence of negative ions does not allow the correct estimation of the electron density. Beyond about 85 km altitude, the number density of negative ions is negligible and hence the probe current is essentially proportional to the electron density. The determination of electron density can, therefore, be made at altitudes below approximately 85 km. But the measured profiles of electron density at altitudes as low as 50 km suggest that the proportionality between the probe current and electron density is maintained even around 50 km altitude (Smith, 1964) . Thus the lower altitude limit for the use of LP is about 50 km.
The upper altitude range for the use of LP is decided by the condition that the production of electrons due to impact or photoemission from the probe surface should be much smaller than the ambient electron density. Assuming that a tungsten probe is used, the photoelectric current due to the photoemission will be ≈4 nAcm −2 . As the electron density in 1000 km region is around 4 × 10 3 cm −3 , the corresponding random electron density ( j 0 ) will be ≈4 nAcm −2 . Thus the upper altitude range should be less than 1000 km.
Size and shape of the LP sensor
The size of the LP sensor is also governed by two conditions, viz., (i) the probe dimension should be smaller than the distance over which there is significant change in potential and (ii) the current collected by the probe should not change the rocket potential which is used as a reference. Spherical and ogive shaped sensors are most common due to their symmetrical shape although cylindrical shaped sensors have also been used for rocket experiments. Cylindrical sensors are generally preferred for the measurement of electron temperature. Further discussion on this subject is given in Subsection 3.1 below.
Effect of geomagnetic field
The motion of charged particles is quite different in presence of a magnetic field as compared to the case with no magnetic field. In the presence of a magnetic field, charged particles gyrate around the field and diffuse along it. There is no diffusion of charged particles across the magnetic field. In such a situation the mean free path of particles is their Larmour radius, r L , which is defined by the following equation:
where, m is the mass of the particle, v⊥ is the velocity of particles across the magnetic field, B is the magnetic field.
In the lower part of the ionosphere the Larmor radius for electrons is about 1 cm and for positive ions it is about 1 m. Thus in the lower ionosphere any practical probe would be larger than the effective mean free path of electrons. In such a situation the probe will collect more electrons than can be made up by diffusion from distant regions which results in producing a region of depletion near the immediate vicinity of the probe. This reduces the collection efficiency of the probe. This results in a scenario where the probe collects electrons (or ions) from distant regions along the field lines but only from the close proximity across the field lines. One must therefore ensure that the mounting of the LP sensor is such that there is no obstruction to the flow of particles from any direction, specially, along the geomagnetic field direction. This condition can be easily met if the LP sensor is mounted on top of the other sensors and packages on the rocket body. Generally the rockets are given a small spin, of the order of a few Hertz, to ensure stability of the trajectory. The sensors which have shapes such that the collection area of the probe surface does not change with the rocket spin are, therefore, ideal as there is no spin modulation in the probe current. In addition to the spin, there is rocket precession also, which takes typically 10-15 s for one precession. As the precession is relatively slow process, it affects only the estimation of large scale sizes. Although spin and precession effects can also be removed mathematically, it is better to use proper mounting of the sensor to avoid the spin modulation altogether.
Effect of the vehicle wake
When a rocket is moving with a velocity greater than the velocity of ions, positive ions can not reach wake region whereas the electrons, by virtue of their higher velocity, can reach. This results in the development of a negative potential in the wake region. Distributions of such potentials in the vehicle wake have been studied by Alpert et al. (1963) . One should, therefore ensure that the LP sensor does not come in to the rocket wake. The best option is to mount the probe on the nose tip of the rocket so that the probe will never come in the rocket wake during the rocket ascent. During the rocket descent, however, the probe mounted on the nose tip will also come in the wake, which is inevitable. The repercussion of the probe being in the rocket descent will be to measure inaccurate densities. Such inaccuracies will be a function of a number of parameters such as rocket velocity, launch angle, orientation of probe with respect to the rocket spin axis, etc. But even during the descent, when the probe is in the wake, it may be possible, in some mounting geometries, to estimate irregularity amplitude, though not with a great accuracy.
Langmuir Probe Instrument
Two most important parameters, which are essential for designing the LP electronics, are the expected range of elec- tron densities and percentage amplitude of electron density irregularities from largest scale (λ ver tical ∼ few km) to smallest scale (λ ver tical ∼ 10 cm) irregularities. The smallest electron density in Earth's ionosphere occurs in 50-60 km region and can be in the range of 1-10 cm −3 . The largest electron density occurs at the F 2 peak (300-400 km) and could be as large as 10 6 cm −3 . The percentage amplitude of large scale irregularities could be as large as 90% in case of plasma depletions and it could be as small as 0.001% for irregularities having scale size of the order of 10 cm or less. While planning for a rocket mission one should, therefore, make some estimate of expected electron densities and percentage amplitude of largest and smallest irregularities one wants to study.
When a LP is flown on a rocket it takes snapshot of the electron density as it moves up in altitude. Thus the LP output gives a temporal variation of electron density along the rocket trajectory, which can be easily converted in to altitudinal variation of electron density if the rocket trajectory and hence the rocket vertical velocity is known. Time series of electron density is analyzed to get amplitudes of various frequencies contained in it. There are several methods such as fast Fourier transform (FFT), continuous wavelet transform (CWT), Hilbert Huang transform (HHT) to determine amplitudes of various frequencies. These methods use different lengths of the data and hence have different altitude resolution. The frequencies observed in the time series can be converted in to vertical scale sizes of electron density irregularities by dividing the vertical velocity of the rocket by the frequency. One can thus estimate percentage amplitude of different scales as well as the power spectrum of irregularities.
Mechanical details of Langmuir probe
A number of shapes including spherical, ogive, cylindrical and disc have been used in the past for the measurement of electron density (Smith, 1964 and references therein; Prakash and Subbaraya, 1967; Sinha et al., 1999) . For the study of plasma irregularities, the most suitable and extensively used probe shapes are spherical and ogive. A spherical probe is preferable when there is nose cone ejection of the rocket and in such a case the probe has to be mounted on the top deck of the rocket. The ogive shape probe is used when there is no ejection of the rocket nose cone; such a shape is highly aerodynamic and reduces the frictional heating. Typical diameter of the spherical probe used for operation in D-, E-and F-regions is 4 cm. The ogive probe for operation in the same regions has a typical base diameter of 3 cm and height of 4 cm. The sizes given above are what have been used extensively in the Indian region and are indicative only (Prakash et al., 1972; . The conditions which put constraint of the probe size, which have already been discussed above, should be used to arrive at the probe size.
The ogive shape sensor will have very little effect of rocket spin. The effect of rocket spin on a spherical sensor depends on the mounting of the sensor. If it is mounted on the spin axis of the rocket, the effect of rocket spin is very little. But if the sensor mounting is off the spin axis, due to the constraints of the other experiments, the probe current will show spin modulation, which has to be removed by mathematical analysis. The spin rate of rockets typically ranges between 3-5 Hz. Figure 3 shows a schematic of an ogive sensor as used on a rocket without any nose cone ejection. A guard electrode, which is at nearly same potential as the ogive sensor, is used to reduce the leakage of current from the sensor to the rocket body. Figure 4 shows a spherical sensor with a guard electrode and mounting arrangement on the top deck of the rocket. Figure 5 shows a typical block diagram of LP electronics. A voltage generator is used to generate whatever voltage one wants to apply to the LP sensor. The guard electrode is also at nearly the same potential as the sensor. The current drawn by the LP sensor is converted in to a voltage by an amplifier. Generally one uses a high input impedance amplifier with a single or a number of resistances in the feedback path.
Electronic details of Langmuir probe
As the strength of electron density irregularities follow a power law, with spectral index typically ranging between 0 and −7, the amplitude of smallest irregularity (e.g., λ ≈ 10 cm) would be many orders of magnitude smaller as compared to that of large scale irregularity (e.g., λ ≈ 1 km). In order to handle such large dynamic range of electron density fluctuations one has to use either (a) a very low noise amplifier and go for 16-bit (or more) digitization, (b) use a log amplifier, or (c) use an automatic gain control system (AGC). In case a 16-bit digitization is used, one gets an uninterrupted signal, which can be used to study very large scale irregularities but the disadvantage is that all frequencies have same amplitude resolution, which is not very good for studying small-scale irregularities. In case of a log amplifier also the resolution is not very good for small-scale irregularities. In the case of AGC, one can study large as well as small scale irregularities with very good amplitude resolution. Sinha et al. (2010) used an AGC with three broad band and eight narrow band filters, which are termed as Main, MF (medium frequency), HF (high frequency) and NBF (narrow band filter) channels as shown in Fig. 5 . The dynamic range of the current to be measured in the ionosphere ranges typically between a few nanoamperes to a few tens of microamperes.
In the case an AGC is used to cover such large dynamic range of current, depending upon the input current, appropriate feedback resistance is switched in and out within the feedback loop. The information of the gain and the voltage applied to the sensor is sent to the telemetry through House Keeping Channels 1 and 2. In the case of AGC there is an interruption of signal for 1-2 ms when the switching of resistances takes place but the advantage is that smaller scale size irregularities are measured with a much better amplitude resolution as compared to any of the other two schemes. The broadband filters had the bandwidths of DC-100 Hz, 30-150 Hz and 70-1000 Hz. The bandwidths of the Main, MF and HF channels are chosen in such a way that there is enough overlap between all the three channels so that construction of a unified spectrum and normalization of channels becomes feasible. Each of these broad band filters has to be given appropriate gain depending upon the expected amplitude. In the case of narrow band filters, the probe current was passed through a set of eight filters (F1 to F8) having center frequencies of 66, 123, 228, 414, 785, 1456, 2689 , and 5000 Hz, respectively. One must ensure that the frequency response of the LP system is better than the highest centre frequency of the narrow band filters. Each filter had a 3 dB bandwidth of ±5% of the center frequency. As the amplitude of irregularities falls off rapidly with increasing center frequency (decreasing scale size), each of these filters has to be given appropriate gain. Output signals of the narrow band filters, which are AC signals, are passed through a RMS to DC convertor and a post-filter to get the signal proportional to the RMS value of the fluctuations. Thus the final outputs of NBF channels are DC signals, which are monitored individually through different telemetry channels. Outputs of Main, MF and HF channels are AC signals. These outputs are level shifted to produce unipolar signals and sent to telemetry. Typical data rate of each channel must be nearly five times the maximum frequency contained in the data.
The other parameter which puts a constraint on the minimum electron density which can be measured is the leakage current between the LP sensor and the rocket body and the leakage current of the amplifier used. The leakage current between the sensor and the rocket body can be minimized by using a guard electrode which is kept at nearly the same potential as the sensor. The guard electrode not only reduces the leakage current but also helps in improving the frequency response of the system as the central core and the outer shield of the connecting cable are also at nearly the same potential. Thus the effect of the cable length is reduced to a large extent. The leakage current of modern amplifiers is around 1 pA, which means that currents as small as 10 pA can be measured.
The frequency response of an amplifier is a function of the effective capacitance of the amplifier circuit and the feedback resistance used. The typical capacitance of circuits presently available is of the order of 10 pf. So if one uses a feedback resistance of 10 M one can go up to frequencies of 1.6 KHz. In case one uses a feedback resistance of 1 M , one gets a frequency response up to 16 KHz. With a typical rocket velocity of 1 kms −1 , one can study scales sizes as small as 1.6 cm with a feedback resistance of 1 M . Figure 6 shows the circuit diagram of the LP preamplifier, including the automatic gain control unit, used by . The signal picked up by the LP sensor is due to electrons collected from ambient plasma. For the D-, E-and F-region experiments the current range is typically from as a few hundred pico amperes to a few micro amperes. The signal conditioning system incorporates a current to voltage converter having a large dynamic range to cater to such a large input current range of approximately 1:3000.
The LP sensor is biased to a potential of about 4.0 volts. The bias is generated by means of a 3.9 V Zener diode D8. The capacitors C11 and C12 act as noise filter for bias voltage. The bias voltage is divided by a factor of 2, by means of resistive divider formed by R38 and R39 to get a fixed bias monitoring (FB MO) signal which will show an out put of 2.0 V for a sensor biased at 4.0 V. The bias voltage is connected to the non inverting input of the operational amplifier (op amp) LF 155 (U1), resistor R2 being used as protection element. A resistor of value 100 E (R10) is used in series of bias line to protect it against short circuit occurring on the bias line at the sensor or cable end. Short circuit protected bias is connected to the guard electrode of the LP sensor as well as the outer shield of the input cable.
The input stage of the preamplifier consists of a low bias current operational amplifier type LF 155 (U1) having a set of four feedback resistors. When the input current is small, only the largest feedback resistor (44 M) is in circuit resulting in high sensitivity. With rise in input current, successive feedback resistors are switched in parallel to the 44 M resistor, to realize feedback resistor values of 4.26 M, 465 K and 46.9 K, respectively. Values of the feedback resistors are chosen in such a manner that the effective feedback resistor values can be realized in a ratio of about 1, 10, 100 and 1000 by means of analog switches under logic control. At the second stage there is another operational amplifier LM 148 (U2), having a set of two feedback resistors which can be changed to realize gains of 1 and 3. Thus there are eight discrete gain levels viz., 1, 3, 10, 30, 100, 300, 1000 and 3000 giving a dynamic range of 3000.
The electrons collected by the LP sensor flow through feedback resistors R7 and R8 and generate a positive going signal at the out put of U1. A pair of resistors R2 and R4 (of 10 K each) at the inputs of op amp U1 serve to protect the device from unwanted spikes generated during handling or otherwise. The capacitor C1 of 5 pf is used to limit the frequency response of the I-V converter and provide stability to the signal conditioning set up.
Apart from R7 and R8, which are 22 M each, 3 more resistors R9, R10 and R11 are selectively connected in parallel to R7 and R8 series combination, to realize four values of feedback resistances 44 M, 4.2 M, 420 K and 42 K by the AGC system. Quad analog switch type DG201 (U8), has been used as switching element in feedback circuit. Potentiometer R3 of 100 K is used to adjust zero for the first amplifier stage. The output of U1 is positive going and ranges from +4.0 V to +9.0 V. This signal drives the second stage which provides an inverting gain of 3 and 1 under AGC system. Thus the first stage forms the I-V converter with four gain stages part and the second stage has two gain stages. The second amplifier stage utilizes a section of LM 148 quad amplifier (U2). The change in gain is realized by means of the feedback resistor R12 (12 K) which is switched in and out of the feedback circuit by means of one section of quad analog switch DG 201 (U8). The output of the second gain stage is negative going and varies from +4 V down to −1 V. The reason of this behavior is that the bias voltage provides +4 V offset to negative going signal. The final output of the LP is obtained by a subtractor circuit realized by one section of LM 148 (U2), which subtracts bias of +4 V from the LP output available from U2 and the polarity is also reversed to get the desired output in 0 to 5 Volt range. This forms the LP main output. A potentiometer R16 (10 K) is used for the fine adjustment of the subtraction voltage.
The LP main output drives a pair of comparators, also realized by two sections of LM 148 (U9). While the C comparator gives output logical 1 when signal falls below 0.8 V, the D comparator gives out put logical 1 for signal larger than 4.8 V. A pair of 4.7 V Zener diodes (D1 and D2) has been used to limit the output of comparators to less than 5 V to make them compatible with 5 V CMOS logic.
The AGC is based upon 3 bit up/down counter, part of CD 4029 (U5) and a few discrete logic elements CD 4011 (U4 and U6), CD 4012 (U3 and U7). These operate under control of a voltage comparator pair C and D described above. The state C = 1 and D = 1 is illegal amounting to signal being both less than 0.8 V and above 4.8 V at the same time. The clock starts if either C or D are logical 0; if both are logical 1 it means illegal state and counter stops.
If the signal increases beyond +4.8 V, the comparator D gives out logical 1. This enables down count mode and clock oscillator is also enabled. The counter counts up from 0 0 0 to 1 1 1 (binary) in eight steps. When Qa becomes logical 1, the gain of the second stage is reduced by a factor of 3. Whenever signal goes below +4.8 V the counter is disabled and the gain remains stationary. If signal is high enough counter will count up to 1 1 1 and if the signal still remains more than +4.8 V the counter is disabled indicating signal beyond saturation. Change of input feedback resistors is controlled by logical combinations of Qb and Qc, which in turn drive analog switch DG 201 (U8).
If the output signal, available at pin 8 of U2, gets reduced and goes below 0.8 V, the C comparator gives out logical 1, the counter counts down to increase gain as well as feedback resistors in the reverse direction to bring back the LP main output with in 0.8 V to 4.8 V range. If the gain is at its highest value and output is less than 0.8 V, then even Payload weight ≈300 g though C out put is logical 1, the counter is disabled indicating signal below lowest level. Thus the AGS logic tries to maintain output signal between 0.8 V to 4.8 V.
The analog out put of the subtractor stage U2 (LP main) and the gain level information are used to estimate the input current picked up by LP sensor. The LP main output, which is termed as Fixed Bias LP Output (FB LP O/P), is fed to the telemetry for monitoring and also passed to a set of active band pass filters to get mid frequency (LPMF) and high frequency (LPHF) components required for studying medium and small scale sizes, respectively. The LP main output is passed through 100 Hz low pass filter before being used as the telemetry input. LPMF and LPHF signals are AC signals centered at +2.5 V and are voltage limited as per telemetry input requirements.
The gain of the system or the I-V converter constant can be ascertained by logical status of flip flops Qa, Qb and Qc. These are connected to a resistor network R30, R31, R32 which in turn is connected to an operational amplifier LM148J (U9), via resistive voltage divider R33 and R34 of 470 K each. The output of operational amplifier generates a voltage output having eight discrete levels. Each one of these levels represent a unique I-V conversion constant.
The staircase voltage generated at the out put of U9, is called Fixed Bias LP Gain Level Monitor (FB LP GLM) output and is generated in weighted resistor network consisting of R30, R31 and R32 of 20 K, 40 K, and 80 K nominal value. As the number of steps is only 8, precision values of R30, R31 and R32 are not required. The output of resistor network drives input of buffer amplifier realized in op amp LM 148 (U9). The output of U9 lies between 0 to 2.5 V and is voltage limited through a diode network consisting of D3, D4, D5, D6 and D7. 3.3 Strengths, weaknesses and specifications of Langmuir probe The greatest strength of the Langmuir probe for the measurement of electron density irregularities is (a) its ability to very accurately measure scale sizes of a very large spatial range of irregularities (from vertical scale sizes of a few km down to about 10 cm) and (b) that electron density fluctuations as small as 0.001% can be measured even for the smallest scales. The LP payload is very small payload and can easily go as a piggy back experiment on rocket flights. The major weakness of this experiment is that it does not give the absolute value of electron density. The specifications of most recent LP systems flown from Thumba (8
• 31 N, 70
• 52 E, dip 0 • 47 S), India ) are given in Table 1 .
Flavor of Results from the Langmuir Probe
Langmuir probes have been used extensively by scientists around the world and have yielded excellent results. As the mandate here is to focus on the LP systems, results on electron density irregularities obtained by the Indian as well as foreign groups only will be briefly touched upon with an intention to give the reader a flavor of what can be done with the LP. These results are by no means a comprehensive review of the subject. The areas where pioneering results have been obtained include irregularities associated with the equatorial electrojet, equatorial spread F (ESF) and neutral turbulence. Highlights of some of these results are briefly described below. Spencer and Brace (1965) used rocket-borne hemispheric LP on four occasions and measured electron density, which was in good agreement with the simultaneous measurements made by the ionosonde onboard the Explorer 17 satellite. Brace and Reddy (1965) used two cylindrical Langmuir probes (length -9 , diameter -0.022 ) on Explorer 22 satellite which had a circular orbit of 1000 km. The major result from this experiment was that maximum electron density concentration was over the equator during the daytime whereas during the night two peaks were present at 35
• north and at 35
• south of the equator, a phenomenon which is now very well known as equatorial or geomagnetic anomaly. Dyson (1969) used a cylindrical LP on Alouette 2 satellite to study the nature of irregularities at high latitudes. The amplitude resolution of this instrument was ∼5%. Results showed that during the night whenever irregularities were observed by LP, the ground based ionogram also showed the presence of spread F. The maximum amplitude of irregularities observed by LP was ∼70%. Using the similar cylindrical LP sensors on Explorer 32 satellite, Dyson et al. (1970) detected the presence of gravity waves in the F region. The amplitude of irregularities was in the range of 10-20% of the ambient electron density.
Electrojet irregularities
In the Indian region LP has been extensively used to determine the region of occurrence, percentage amplitude and spectra of irregularities produced by cross field and two stream instabilities during normal (eastward) electrojet (Prakash et al., 1971a, b, c; Gupta et al., 1977; Sinha and Prakash, 1987) . First detection of electron density irregularities produced through the cross field instability (CFI) was reported by Prakash et al. (1971a) for an equatorial station Thumba. It was found that during the daytime CFI generated irregularities were present only in those altitude regions where the electron density gradient was positive, i.e., electron density increased as the altitude increased. Over the stations located on the geomagnetic equator the earth's magnetic field is horizontal (N-S) and the direction of the Hall polarization electric field is vertically upwards. If the direction of electron density gradient is also vertically upwards, the region becomes conducive for the excitation of the CFI as suggested by Simon (1963) . Percentage amplitude of irregularities in the scale size range of 30-300 m was found to be as high as 30% of the ambient density. Later studies (Prakash et al., 1972; Sinha, 1976; Sinha and Prakash, 1987) reported the presence of 1-15 m irregularities and spectral indices of 30-300 m as well as 1-15 m irregularities. Assuming a power law of the type P(k)αk n , where P(k) is the power associated with a wave number k (k = 2π/λ), λ is the wavelength of irregularities and n is the spectral index, spectral indices for 30-300 m (1-15 m) scales were found to be in the range −2.5 ± 1 (−4 ± 1). Prakash et al. (1970) reported the presence of irregularities in negative electron density gradient regions (electron density decreased with increasing altitude) during the nighttime. These were again explained in terms of the CFI which operated in negative gradient regions at night due to the reversal of the direction of the Hall polarization electric field during night. CFI generated irregularities were observed for the first time during a daytime counter electrojet event in the negative electron density gradient region (Prakash et al., 1976) . First observations of steepened density structures resulting in saw tooth type structures in the scale size range of 30-300 m were reported in 88-98 km altitude range over an equatorial station by Sinha (1976) . Pfaff et al. (1987a) used two spherical LP's mounted on two 5.5 m tip-to-tip stacer booms on a rocket to study electrojet region over Punta Lobos, Peru (16
• 6 S, 73
• 54 W, dip angle 0.5
• N) and detected amplitude of electron density fluctuations over km scales (enhancements as well as depletions) up to 10% of the ambient density. These amplitudes matched extremely well with those obtained by plasma frequency and electric field probes flown on the same rocket. In the same experiment Pfaff et al. (1987b) detected irregularities with scale sizes less than 10 m in a 2 km altitude range centered around 108 km and explained these in terms of two stream plasma instability. Using a rocket-borne LP from Alcantara, Brazil (2.3
• S, 44.4
• E), Pfaff and Marionni (1997) waves in 104-108 km region where the electrojet current peaked. A coordinated campaign, named Guara, was conducted from Alcantara, Brazil in 1994 to study irregularities associated with the equatorial spread F (ESF) at altitude above 600 km (LaBelle et al., 1997) . In this experiment a spherical LP was flown on a high altitude rocket. The experiment was the first to make in situ measurements of plasma depletions and enhancements associated with ESF in the top side ionosphere. The density decease and increase in these depletions and enhancements was up to about 80% of the ambient density. Irregularities in the scale size range of 10-100 m were also detected in 600-800 km region. A series of rocket experiments were conducted at Kwajalein Atoll (9.4
• N, 167.5
• E) 2004, as part of the NASA EQUIS II Campaign. In addition to a number of other experiments, LP was flown on a number of rockets during the EQUIS II. Hysell et al. (2006) reported the electron density profiles over Kwajalein Atoll obtained during the night time in which a number of layered structures were seen in 100-200 km region. Sinha et al. (2010) conducted a LP flight over an equatorial station Trivandrum (8.5 • N, 76.9
• E) during nighttime to study the nature of electron density irregularities present in the nighttime E region. In addition to the Main, MF and HF channels, this flight carried a set of eight narrow band filters to detect very small scale sizes. Spectra of Main, MF and HF channels were computed using FFT technique and from these composite spectra were constructed. Figure 7 shows four such composite spectra for this flight. As can be seen from Fig. 7 , one can fit different slopes to different parts of the spectrum, which characterize different scale size ranges of irregularities. Power spectral indices in 90.9 km to 106 km altitude regions were −1.7 ± 0.1, −2.2 ± 0.4 and −2.7 ± 0.5, for large (few km > λ > 50 m), medium (50 m > λ > 10 m) and small (10 m > λ > 1 m) scale size ranges, respectively. The new observations made during this flight were (a) in addition to the presence of irregularities in the negative electron density gradient regions which had been observed earlier, irregularities were also detected in the positive electron density gradient region; irregularities in the positive gradient regions were explained in terms of a wind driven gradient drift instability, and (b) the presence of irregularities with scale size as small as 13 cm. Figure 8 shows the percentage amplitude of irregularities of different scale sizes (10 m to 1000 m) obtained on a rocket flight conducted from Sriharikota (13.7 • N, 80.2 • E) . Large amplitudes can be seen at all scale sizes below 71 km altitude. The amplitudes are in the range of 10-100% of the ambient density for the large scale sizes (from 300 m to 1 km) and in the range of 10-30% for the smaller scales (from 10 m to 50 m). At 70.5 km, the percentage amplitude of 500 m scale size is almost 200%. The altitude region from 78 to 89 km also showed amplitudes of 5-50% and 0.1-5% for large and small scale sizes, respectively. Also, the amplitudes of the small scale sizes decrease very rapidly with scale size, which is due to the steep slope of the spectrum in the viscous dissipation regime (spectral index = −7) in the altitude region from 75 to 89 km.
Equatorial spread F irregularities
Using a rocket-borne LP from Natal (5.9
• S, 35.2 • W), Kelley et al. (1976) showed for the first time that the regions of depleted plasma density move upwards due to buoyant forces and reach altitudes much higher than the region which is unstable to the Rayleigh Taylor instability. This explained the key problem of high altitude spread F in terms of primary instability operating below the F region Peak. As a part of PLUMEX I campaign, Rino et al. (1981) used a rocket-borne LP to study intermediate wavelength irregularities associated with the equatorial spread F from Kwajalein Atoll. Their results showed that in high density region (∼316 km) the irregularities showed a break in the spectrum around 500 m and in the low density region (>370 km) the spectrum showed a single slope with spectral index of −2. In the same campaign Kelley et al. (1982) studied the transitional and short wavelength and found that above 280 km altitude the spectrum for scalesizes smaller than 100 m showed a single spectral slope with a spectral index of around −5.
LP was also used to study irregularities during a number of spread F events by Prakash and Pal (1985) , and Raizada and Sinha (2000) from Sriharikota. Prakash and Pal (1985) found (a) vertical scales up to 25 km wavelength in 100-140 km region and explained these in terms of wind shear mechanism, (b) vertical scales up to 100 km wavelength whose mechanism of generation was not clear (c) large variation in the height of the base F region, which was explained in terms of variation of downward drift velocity of plasma and (d) the presence of plasma depletions above 275 km where the electron density was depleted by factors as large as 15. Sinha et al. (1999) and Raizada and Sinha (2000) used a cylindrical LP sensor along with LP double probes for electric field measurement along and across the spin axis of a RH 300 MK II rocket during a strong spread F event. Electron density irregularities in 30-300 m scale size range were observed in the F region valley over SHAR, a region which was earlier believed to be free from irregularities. Experimental evidence of the validity of the image striation theory was also given by Sinha et al. (1999) through first simultaneous spectral measurement of electron density and electric field in 165-178 km region which lies in the valley region. Correlation analysis of the electron density, horizontal and vertical electric field fluctuations showed the existence of a sheared flow of current below the F 2 -peak. A new type of irregularity in the intermediate scale having a steep spectrum (n = −3.1) was also detected in the valley region. Based on the directions of vertical polarization electric fields and the electron density gradients, irregularities observed in 200-300 km region km were shown to be produced by generalized Rayleigh Taylor instability. Two very sharp layers of ionization, wherein the electron density increased by a factor of 50 in 10 km vertical extent, were detected around 105 km and 130 km. Muralikrishna et al. (2003) flew a spherical LP of 60 mm diameter mounted on a 50 cm long boom on a rocket from Alcantara to study the phenomena of ESF and found that irregularities were present in regions of large depletions associated with plasma bubbles. These findings were corroborated by the accompanying electric field probe. Hysell et al. (2006) reported the electron density profiles obtained during the night time in which a number of layered structures were seen in 100-200 km region. Muralikrishna and Vieira (2007) conducted several rocket experiments from two equatorial stations Natal and Alcantara in Brazil to study irregularities associated with ESF. Their results showed that first the large scale irregularities namely the plasma bubbles are created by Rayleigh Taylor instability mechanism and then the sharp gradients of electron density at the walls of these bubbles provide sharp gradients on which the cross field instability operates and produces smaller scale irregularities. These results also showed that higher F region base is more favorable for excitation of RTI than a lower F region base.
Neutral turbulence generated irregularities
Using the LP measurements of electron density for a number of rocket flights conducted from Thumba, Sinha (1976 Sinha ( , 1992 ) studied the irregularities produced by neutral turbulence mechanism in 60-82 km region. It is well known that irregularities produced by neutral turbulence mechanism show a characteristic spectrum, which has spectral indices of −2.1, −5/3 and −7 in the buoyancy, inertial and viscous dissipation regimes. Using the break in the spectra between the inertial sub range and the dissipation range, Sinha (1992) detected the value of l 0 , which is the inner scale of turbulence. The values of l 0 were next used to calculate various turbulence parameters such as Kolmogorov micro scale, energy dissipation range, eddy diffusion coefficient, vertical turbulent velocity and the outer scale of turbulence.
As a part of CONDOR campaign, two rockets carrying LP were launched from Punta Lobos, Peru (Royrvik and Smith, 1984) . Spectral analysis of the LP data showed break in the spectra from which the inner scale of turbulence and other turbulence parameters were computed. It was found that electron density irregularities produced by neutral turbulence were present in the altitude range of 85.2-86.6 km. As a part of MALTED/GUARA campaign Lehmacher et al. (1997) used a hemispherical LP to study the characteristics of the electron density irregularities produced by neutral turbulence mechanism. Various turbulence parameters were estimated from the electron density spectra.
A study of neutral turbulence generated irregularities was made by Chandra et al. (2008) and Patra et al. (2009) through simultaneous rocket, radar and ionosonde measurements from Sriharikota and Gadanki (13.5
• N, 79.2 • E, magnetic latitude 6.4
• N). Using the rocket chaff measurements of winds and the ionosonde data, irregularities observed by the LP in 67.5-78.9 km and 84-89 km regions were shown to be produced by neutral turbulence mechanism. Das et al. (2009) used the technique of continuous wavelet transform (CWT) on the same rocket data set and found (a) that the turbulence is not present continuously in the mesosphere but exists in layers of different thicknesses varying between 100 m and 3 km. Using the CWT technique Das and Sinha (2010) showed that the strength of turbulence is weak during winter months as compared to those in the summer months.
Rocket induced irregularities
Using an ogive shaped LP sensor, rocket induced electron density irregularities were detected by Gupta et al. (1977) and Gupta and Prakash (1979) around the apogee region for Nike Apache rockets, which were made of aluminum. Such irregularities were not observed on Centaur and Petrel rocket which were made of stainless steel. These irregularities were observed only around the apogee region of the rocket (≈170 km) in the scale size range of 1-15 m. The amplitude of these irregularities was 1-2% and the spectral index was +2 ± 0.5 during the evening time and +1 ± 0.5 during night time. Around the apogee region, the rocket becomes subsonic and the irregularities produced in the wake region of the rocket, which travel at the ion acoustic velocity, can reach the LP sensor. At other altitude when the rocket is supersonic, these irregularities can not reach the LP sensor. The reason for observation of these irregularities on Nike Apache rockets and not on Centaur and Petrel rockets is not clear but it may have something to do with the materials of which these rockets are made.
Suggested Future Improvements
In order to improve the present capabilities of the LP, it is suggested that the following two improvements be made in the LP electronics. First one pertains to improve its current measuring capability on the lower side. The present LP instrument is able to measure current as small as 1 nA. In view of the availability of modern amplifiers with leakage current as small as 1 pA, it is possible to measure currents much smaller than 1 nA. This will enable measurement of electron densities smaller that 1 cm −3 . The other suggestion is to increase the frequency response of the LP amplifier to about 20 MHz, which will enable detection of scale sizes of as small as 5 cm. This suggestion can be incorporated if one uses an amplifier with very low input capacitance, a feedback resistance not exceeding 1M and possibly a 16-bit digitization of the output voltage. Both these suggestions will enable measurement of very small electron densities and small vertical scale sizes of electron density fluctuations.
